Measuring the distance-redshift relation with the cross-correlation of
  gravitational wave standard sirens and galaxies by Oguri, Masamune
ar
X
iv
:1
60
3.
02
35
6v
2 
 [a
str
o-
ph
.C
O]
  2
 A
pr
 20
16
Measuring the distance-redshift relation with the cross-correlation of
gravitational wave standard sirens and galaxies
Masamune Oguri1, 2, 3
1 Research Center for the Early Universe, University of Tokyo, Tokyo 113-0033, Japan
2 Department of Physics, University of Tokyo, Tokyo 113-0033, Japan
3 Kavli Institute for the Physics and Mathematics of the Universe (Kavli IPMU,
WPI), University of Tokyo, Chiba 277-8582, Japan
(Dated: April 5, 2016)
Gravitational waves from inspiraling compact binaries are known to be an excellent absolute
distance indicator, yet it is unclear whether electromagnetic counterparts of these events are securely
identified for measuring their redshifts, especially in the case of black hole-black hole mergers such
as the one recently observed with the Advanced LIGO. We propose to use the cross-correlation
between spatial distributions of gravitational wave sources and galaxies with known redshifts as
an alternative means of constraining the distance-redshift relation from gravitational waves. In
our analysis, we explicitly include the modulation of the distribution of gravitational wave sources
due to weak gravitational lensing. We show that the cross-correlation analysis in next-generation
observations will be able to tightly constrain the relation between the absolute distance and the
redshift, and therefore constrain the Hubble constant as well as dark energy parameters.
PACS numbers: 98.80.Es
I. INTRODUCTION
The observation of the gravitational wave (GW)
signal GW150914 by Advanced Laser Interferometer
Gravitational-Wave Observatory (LIGO) opened up the
possibility of using GWs as cosmological and astrophys-
ical probes [1–3]. GW150914 is a GW signal from a pair
of merging back holes (BHs) at z ∼ 0.1, with a mass of
each BH of M ∼ 30M⊙ , which were inferred by fitting
the observed waveform with numerical relativity wave-
forms. The discovery of such a BH-BH merger event im-
plies that BH-BH mergers may be much more ubiquitous
than previously thought.
GWs from inspiraling compact binaries, which some-
times referred as standard sirens, are potentially a very
powerful cosmological probe, because they can determine
the absolute distances to the GW sources [4]. Assuming
general relativity, one can obtain information on masses
of inspiraling and merging objects from the shape of the
waveform, which then determines the absolute strain am-
plitude of GWs emitted from these objects. Thus the
comparison of the observed strain amplitude enables a di-
rect measurement of the luminosity distance to the GW
source. Indeed, the luminosity distance to GW150914
was estimated to be 410+160
−180 Mpc using this technique
[1]. With the redshift information from independent ob-
servations of an electromagnetic (EM) counterpart, one
can directly constrain the absolute distance-redshift re-
lation, and hence obtains constraints on cosmological pa-
rameters including the Hubble constant and dark energy
parameters [5–16].
However, it is unclear whether EM counterparts can
really be observed. In the case of GW150914, while a
hard X-ray emission that might possibly be associated
with GW150914 was detected with Fermi Gamma-ray
Burst Monitor [17], no confirmed EM counterpart is re-
ported. Since mergers of BHs are not expected to have
EM counterparts, this association of the hard X-ray emis-
sion, if real, requires special explanations such as a BH-
BH merger in a dense environment (e.g. [18]). If a bulk
of BH-BH mergers do not have EM counterparts, their
use as a cosmological probe will be limited.
It has been argued that GWs from compact binary
mergers would be useful even if EM counterparts are not
identified. Nishizawa et al. [19] discussed the possibil-
ity of exploiting the phase shift [20] of binary sources to
constrain cosmological parameters without EM counter-
parts. Messenger and Read [21] proposed to use tidal
effects on merging neutron stars to break the degener-
acy to obtain information on the redshift of the system.
Another approach is to take advantage of the cluster-
ing property of GW sources. Recently, Namikawa et al.
[22] showed that the large-angle auto-correlation of GW
sources can provide tight constraints on primordial non-
Gaussianity.
In this paper, we propose the cross-correlation between
spatial distributions of compact binary GW sources with-
out redshift information and a galaxy sample with known
redshifts as a new method to extract cosmological infor-
mation from GWs. We show that this cross-correlation
extracts information on the distance-redshift relation and
hence constrains cosmological parameters including the
Hubble constant that determines the absolute distance
scale. This is made possible because the cross-correlation
signal is maximized when luminosity distances of GW
sources and redshifts of the galaxy sample matches. The
idea is similar to the cross-correlation of photometric and
spectroscopic galaxies to calibrate photometric redshifts
of galaxies [23]. A complication is that luminosity dis-
tances estimated from GWs are affected by weak gravi-
tational lensing, which induces additional spatial correla-
tions on the sky (e.g., [15, 22]). In this paper we explicitly
2include this effect in our formulation.
This paper is organized as follows. In Section II we
give our formulation. We present our result including
Fisher matrix analysis in Section III. Finally we give our
conclusion in Section IV. Our fiducial cosmological model
is based on the latest Planck result [24] and has matter
density Ωm = 0.308, dark energy density Ωde = 0.692,
baryon density Ωb = 0.04867, the dimensionless Hubble
constant h = 0.6763, the spectral index 0.9677, the nor-
malization of matter fluctuations σ8 = 0.815, and dark
energy equation of state wde = −1. Throughout the pa-
per we assume a flat Universe.
II. AUTO- AND CROSS-CORRELATIONS OF
GRAVITATIONAL WAVE SOURCES
A. Distance to gravitational wave sources
Observations of GWs from mergers of compact bina-
ries provide information on luminosity distances D to the
GW sources. On the other hand, their redshifts are not
a direct observable. In this paper, for simplicity, we as-
sume that the observed luminosity distance Dobs from
the analysis of the waveform is related to the true dis-
tance D via the log-normal distribution
p(Dobs|D) = 1√
2πσlnD
exp
[−x2(Dobs)] 1
Dobs
, (1)
where
x(Dobs) ≡ lnDobs − lnD√
2σlnD
. (2)
The dispersion on Dobs is caused by various effects, in-
cluding the statistical error of GW observations and the
degeneracy of the luminosity distance with other param-
eters such as masses of compact objects and the inclina-
tion of the system. The parameter σlnD quantifies the
dispersion. Considering Einstein Telescope [25] like GW
observations, in this paper we assume the dispersion of
the distance estimate of σlnD = 0.05 (e.g., [15]). In addi-
tion, weak gravitational lensing also affects cosmological
distances. We include the effect of weak gravitational
lensing explicitly by relating the distance D to the aver-
age distance D¯, which represents the standard luminosity
distance computed from the homogeneous and isotropic
Friedmann-Robertson-Walker Universe, as
D = D¯µ−1/2 ≈ D¯ [1− κ(θ, z)] , (3)
where κ(θ, z) is the lensing convergence, which is a func-
tion of the sky position θ and redshift z. The lensing con-
vergence is essentially a projected matter density field,
and is given by
κ(θ, z) =
∫ z
0
dz′
ρ¯m(z
′)
H(z′)(1 + z′)Σcrit(z′; z)
δm(θ, z)
≡
∫ z
0
dz′Wκ(z′; z)δm(θ, z
′), (4)
where δm(θ, z) is the matter density field, H(z) is the
Hubble parameter, Σcrit(z; zs) is the (physical) critical
surface density at redshift z′ for the source redshift z,
and ρ¯m(z) = Ωmρcr,0(1 + z)
3 is a mean physical density
of the Universe at redshift z.
B. Projected density field of gravitational wave
sources
We construct the i-th angular density field of GW
sources by projecting them in the luminosity distance
range Dmin,i < Dobs < Dmax,i. Given the log-
normal relation between the observed and true dis-
tances, the angular number density is computed from the
three-dimensional number density field of GW sources
nGW(θ, z) as
nwi (θ) =
∫ ∞
0
dz
χ2
H(z)
Si(z)nGW(θ, z), (5)
where the comoving angular diameter distance is χ =∫ z
0 dz
′[1/H(z′)] and Si(z) describes the selection function
along the line-of-sight
Si(z) ≡ 1
2
[erfc{x(Di,min)} − erfc{x(Di,max)}] . (6)
The average projected number density of GW sources in
the i-th bin is
n¯wi =
∫ ∞
0
dz
χ2
H(z)
Si(z) n¯GW(z)
=
∫ ∞
0
dz
χ2
H(z)
Si(z)Tobs
n˙GW(z)
1 + z
. (7)
Here Tobs is the duration of the observation and n˙GW(z)
is the rate of merger events that can be observed with
GW detectors of interest. The factor 1+z in the denom-
inator accounts for the cosmological time dilation effect.
The merger rate n˙GW(z) has not yet been constrained
very well. The observation of GW150914 implies the BH-
BH merger rate of n˙GW ∼ 10−6 − 10−8h3Mpc−3yr−1
at the local Universe [2]. Several models predict that
the BH-BH merger rate increases toward higher redshifts
(e.g., [26–28]). We can also use GWs from neutron star
mergers for our cross-correlation study, and their rate is
estimated to be of similar order. Thus in this paper we
assume Tobsn˙GW = 3×10−6h3Mpc−3 over all the redshift
range of our interest.
The expression of the projected number density nwi (θ)
allows us to define the projected density field δ2D,wi (θ),
which plays a central role in our cross-correlation analy-
sis. While the main fluctuation comes from the three-
dimensional distribution of GW sources, nGW(θ, z) =
n¯GW(z) [1 + δGW(θ, z)], the convergence in Eq. (3) in-
duces additional spatial fluctuations. Assuming that
3κ(θ, z) is sufficiently small, we obtain
δ2D,wi (θ) ≡
nwi (θ)− n¯wi
n¯wi
≈ 1
n¯wi
∫ ∞
0
dz
χ2
H(z)
n¯GW(z)Si(z) δGW(θ, z)
+
1
n¯wi
∫ ∞
0
dz
χ2
H(z)
n¯GW(z)Ti(z)κ(θ, z),
≡
∫ ∞
0
dz
[
W si (z)δGW(θ, z) +W
t
i (z)κ(θ, z)
]
,(8)
where
Ti(z) ≡
− exp [−x2(Di,min)]+ exp [−x2(Di,max)]√
2πσlnD
.(9)
The first term of Eq. (8) describes the intrinsic spatial
inhomogeneity of GW sources, whereas the second term
of Eq. (8) comes from the apparent modulation of the
distribution of GW sources on the sky due to weak grav-
itational lensing which changes luminosity distances in-
ferred from waveforms. Eq. (9) implies that the second
term of Eq. (8) is smaller than the first term, but as we
will show later, the second term can make dominate con-
tributions to correlation signals, because the convergence
contains accumulated information along the line-of-sight.
C. Angular correlation
For simplicity we assume a linear bias δGW = bGWδm
for GW sources. This assumption is reasonable in the
sense that mergers of compact binary objects are ex-
pected to be associated with galaxies which are known to
trace large-scale structure of the Universe. The angular
power spectrum of the density field δ2D,wi (θ) in Eq. (8)
between i-th and j-th bins is calculated using the Lim-
ber’s approximation [29, 30] as
Cwiwj (ℓ) = Csisj (ℓ) + Csitj (ℓ) + Csjti(ℓ) + Ctitj (ℓ),(10)
Csisj (ℓ) =
∫ ∞
0
dz W si (z)W
s
j (z)
H(z)
χ2
b2GWPm
(
ℓ+ 1/2
χ
; z
)
,(11)
Csitj (ℓ) =
∫ ∞
0
dzW tj (z)
∫ z
0
dz′W si (z
′)Wκ(z′; z)
×H(z
′)
χ′2
bGWPm
(
ℓ+ 1/2
χ′
; z′
)
, (12)
Ctitj (ℓ) =
∫ ∞
0
dz W ti (z)
∫ ∞
0
dz′W tj (z
′)
∫ min(z,z′)
0
dz′′
×Wκ(z′′; z)Wκ(z′′; z′)H(z
′′)
χ′′2
Pm
(
ℓ+ 1/2
χ′′
; z′′
)
,(13)
where Pm(k; z) is the matter power spectrum. Since we
are interested in relatively large angular scales (ℓ . 300),
the cross spectrum is dominated by the so-called two-halo
term (see e.g., [31]), which suggests that we can use the
linear matter power spectrum for Pm(k; z) in C
sisj and
Csitj . On the other hand, Ctitj is given by a projection
of all matter fluctuations along the line-of-sight which
mixes small and large scale fluctuations. Thus it may
be more appropriate to use the nonlinear matter power
spectrum for Pm(k; z) in C
titj . In this paper, we compute
the transfer function of the linear matter power spectrum
using the result in [32], and the nonlinear matter power
spectrum using the result in [33].
D. Cross-correlation with spectroscopic galaxies
Next we consider a spectroscopic galaxy sample in the
i-th bin defined by the redshift range zmin,i < z < zmax,i
δ2D,gi (θ) =
∫ ∞
0
dzW gi (z)δg(θ, z), (14)
where
W gi (z) ≡
1
n¯gi
χ2
H(z)
n¯g(z)Θ(z − zmin,i)Θ(zmax,i − z). (15)
Here the three-dimensional comoving number density of
the spectroscopic galaxy sample is denoted by n¯g(z), and
the average projected number density in the i-th bin is
simply computed as
n¯gi =
∫ ∞
0
dzW gi (z). (16)
In this paper we simply assume a constant number den-
sity of n¯g = 10
−3h3Mpc−3 which resembles e.g., a spec-
troscopic galaxy sample obtained by Euclid [34]. Using
the Limber’s approximation, the angular power spectrum
of spectroscopic galaxies between i-th and j-th bins is
given by
Cgigj (ℓ) = δij
∫ ∞
0
dz [W gi (z)]
2 H(z)
χ2
b2gPm
(
ℓ+ 1/2
χ
; z
)
,(17)
where we assumed that there is no overlap of redshift
ranges between different redshift bins, and bg is the bias
parameter for the spectroscopic galaxies.
We now consider the cross-correlation between the GW
sources and the spectroscopic galaxies. From Eq. (8), we
can compute the cross-correlation power spectrum as
Cwigj (ℓ) = Csigj (ℓ) + Ctigj (ℓ), (18)
Csigj (ℓ) =
∫ ∞
0
dzW si (z)W
g
j (z)
H(z)
χ2
×bGWbgPm
(
ℓ+ 1/2
χ
; z
)
, (19)
4Ctjgj (ℓ) =
∫ ∞
0
dzW ti (z)
∫ z
0
dz′W gj (z
′)Wκ(z′; z)
×H(z
′)
χ′2
bgPm
(
ℓ+ 1/2
χ′
; z′
)
. (20)
We use the linear power spectrum for Pm(k; z) in both
Csigj and Ctjgj . The power spectrum Csigj comes from
the first term of Eq. (8) and represents the physical corre-
lation of spatial distributions. On the other hand, Ctjgj ,
which comes from the second term of Eq. (8), is the cor-
relation of the weak lensing effect on luminosity distances
of GW sources with spectroscopic galaxies. Since all
matter fluctuations along the line-of-sight contributes to
weak lensing, it induces non-negligible cross-correlations
between luminosity and redshift bins which are well sep-
arated with each other.
III. RESULT
A. Cross-correlation signal
First it is useful to study the cross angular power spec-
trum Cwigj (ℓ) which is defined in Eq. (18). We fix the lu-
minosity distance bin of GW sources to that corresponds
to 0.9 < z < 1.1 in our fiducial cosmological model.
On the other hand, we move the central redshift of the
spectroscopic galaxy sample while fixing the bin width
to ∆z = 0.1 in order to see how the cross-correlation
signal changes as a function of the redshift of the spec-
troscopic galaxy sample. For bias parameters, we assume
a simple parametric form bGW(z) = bw1 + bw2/D(z) and
bg = bg1+bg2/D(z), whereD(z) is the linear growth rate,
and choose fiducial parameter values as bw1 = bw2 = 1
and bg1 = bg2 = 1.
Fig. 1 shows the cross-correlation power spectrum at
multiple ℓ = 100 as a function of the central redshift of
the spectroscopic galaxy sample zg. When the redshift of
the spectroscopic galaxy sample well overlaps with that of
GW sources, the cross-correlation signal becomes large.
In this case, the cross-correlation signal is dominated by
the physical correlation of density fields of GW sources
and spectroscopic galaxies, which corresponds to Csg de-
fined in Eq. (19). The cross-correlation signal is max-
imized when the luminosity distance bin best matches
with the redshift bin, from which we can infer the relation
between the luminosity distance and redshift. However,
Fig. 1 indicates that the cross-correlation signal extend
to much lower redshift of the spectroscopic galaxy sam-
ple. This extra correlation originates from Ctg defined
in Eq. (20). As stated above, this term represents the
correlation of galaxies and matter fluctuations along the
line-of-sight that induces weak gravitational lensing ef-
fect on luminosity distances of GW sources. We include
this large-distance cross-correlations in our Fisher matrix
analysis below.
FIG. 1: The cross-correlation power spectrum Cwg between
GW sources and galaxies [Eq. (18)]. The luminosity dis-
tance range of GW sources is fixed to that corresponds to
0.9 < z < 1.1 (gray shaded region) in our fiducial cosmol-
ogy. The spectroscopic galaxy sample has the redshift range
zg −∆z/2 < z < zg +∆z/2 with ∆z = 0.1. Solid line shows
the cross-correlation power spectrum at multipole ℓ = 100
as a function of the central redshift of the galaxy sample zg.
Dotted and dashed lines show contributions of Csg [Eq. (19)]
and Ctg [Eq. (20)] to Cwg, respectively.
B. Fisher matrix analysis
Here we estimate how well we can constrain the
distance-redshift relation and hence cosmological param-
eters from the cross-correlation analysis. For this pur-
pose we need the covariance matrix of auto- and cross-
correlation power spectra. Assuming Gaussian statistics,
the covariance matrix is given by
Cov
[
Cij(ℓ), Cmn(ℓ′)
]
=
4π
Ωs
δℓℓ′
(2ℓ+ 1)∆ℓ
×
(
C˜imC˜jn + C˜inC˜jm
)
,(21)
where the indices i, j, . . . run over wi and gi, Ωs is the
survey area, ∆ℓ is the width of ℓ bin, and C˜ denotes the
power spectrum including shot noise
C˜ij = Cij + δij
1
n¯i
, (22)
where n¯i is the projected number density given by
Eqs. (7) and (16).
With this covariance matrix, we can compute the
Fisher matrix as
Fαβ =
∑
ℓ
∑
i,j,m,n
∂Cij
∂pα
[
Cov
(
Cij , Cmn
)]−1 ∂Cmn
∂pβ
, (23)
where pα denotes cosmological and nuisance parameters.
A marginalized error on each parameter is obtained by
σ(pα) =
√
(F−1)αα.
5Model σ(h) σ(Ωm) σ(wde)
ℓmax = 100 0.016 0.010 0.087
ℓmax = 300 0.007 0.005 0.037
TABLE I: Expected marginalized errors on each cosmological
parameter. See text for details.
We compute the Fisher matrix with the following
setup. For the correlation among GW sources [Cwiwj ; see
Eq. (10)], while there are weak correlations between dif-
ferent luminosity distance bins, we ignore them and con-
sider only correlations between the same luminosity dis-
tance bins (i.e., Cwiwj ≈ δijCwiwi). This is because such
weak correlations between different bins are expected not
to affect our results due to relatively large shot noise of
GW sources. The correlation among spectroscopic galax-
ies [Cgigj ; see Eq. (17)] also does not have any correla-
tion between different redshift bins. On the other hand,
we consider all the combination of bins for the cross-
correlation [Cwigj ; see Eq. (18)], given that there are
large-distance correlations as shown in Fig. 1.
As stated above, observations we have in mind are the
Einstein Telescope [25] for GWs and Euclid [34] for spec-
troscopic galaxies, although we do not tune our param-
eters to these surveys very carefully. We consider the
redshift range of 0.3 < z < 1.5, where the maximum
redshift mainly comes from the upper limit of redshifts
of the spectroscopic galaxy sample. We define luminos-
ity distance bins of GW sources by the distance width
corresponding to ∆z = 0.2, and compute the minimum
(Di,min) and maximum (Di,max) luminosity distances in
each bin using the standard luminosity distance-redshift
relation in our fiducial cosmological model. Thus we have
Nw = 6 luminosity distance bins for GW sources. On
the other hand, we define redshift bins for spectroscopic
galaxies with the interval ∆z = 0.1, leading to Ng = 12
bins. We also consider all the Nw×Ng cross-correlations
for our Fisher matrix analysis. Therefore, the total num-
ber of elements ofCij vector in Eq. (23) is 90. This means
that the covariance matrix has the dimension 90× 90.
As for cosmological parameters, we consider h, Ωm,
and wde as parameters controlling the distance-redshift
relation. We also include σ8, which determines the nor-
malization of power spectra, as a parameter. In addition,
we include bias parameters bw1, bw2, bg1, and bg2 (see
Sec. III A) as nuisance parameters. In total we have 8
parameters that constitute pα in Eq. (23). All the pa-
rameters are treated as free parameters, except σ8 for
which we add a weak prior σ(σ8) = 0.1 because we find
that σ8 strongly degenerates with the bias parameters.
We consider the multipole range 10 < ℓ < ℓmax. The
maximum multipole ℓmax should be determined from the
angular resolution of GW observations. The angular res-
olution of the Einstein Telescope network corresponds to
approximately ℓmax = 100 [22, 35], which we adopt as
a fiducial value. However we also consider an optimistic
case ℓmax = 300 in order to check the dependence of our
FIG. 2: Projected 68% confidence limit constraints in the
Ωm-h (top) and Ωm-wde (bottom) planes. In each panel, the
other model parameters are marginalized over. Solid lines
show constraints for ℓmax = 300, whereas dotted lines show
constraints for ℓmax = 100.
results on ℓmax. Finally we assume the survey area of
Ωs = 15000 deg
2 which is covered by Euclid.
Fig. 2 shows marginalized errors on cosmological pa-
rameters for both ℓmax = 100 and ℓmax = 300. We find
that tight constraints on the Hubble constant as well as
dark energy parameters can be obtained from the cross-
correlation analysis. The summary of constraints given
in Table I indicates that a percent level constraint on
the Hubble constant can be obtained, suggesting that
the distance-redshift relation is successfully constrained.
We also note a large improvement of constraints from
ℓmax = 100 to ℓmax = 300, which implies that accurate
localizations of GW sources on the sky are crucial for the
cross-correlation analysis.
The expected accuracy of cosmological parameter esti-
mation depends on several parameters such as the num-
ber density of GW sources and their bias factors, which
are poorly known. For comparison, we consider more pes-
simistic case with an order of magnitude smaller number
density of GW sources, Tobsn˙GW = 3 × 10−7h3Mpc−3,
and repeat the Fisher matrix calculation. We find that
the change of the expected constraint on the Hubble con-
6stant is modest, from σ(h) = 0.016 to 0.030 for ℓmax =
100, and from σ(h) = 0.007 to 0.013 for ℓmax = 300. This
suggests that the cross-correlation technique is still use-
ful even when the GW rate is significantly smaller than
our fiducial value.
We note that the expressions of the angular power
spectra in this paper have been derived using the Lim-
ber’s approximation which breaks down at small ℓ [30,
36]. We expect that this approximation is valid for
the purpose of this paper, because the cross-correlation
signal mainly comes from large ℓ, ℓ ∼ ℓmax, at which
the Limber’s approximation is expected to be reason-
ably accurate for our choice of ∆z = 0.1 for the spectro-
scopic galaxy sample. Limber’s approximation becomes
inaccurate for cross-correlation with large redshift differ-
ences, but due to relative large shot noise such cross-
correlation does not contribute to the result very much.
Although there is a long tail of cross-correlation signals
toward lower redshifts (Fig. 1), it is essentially the cross-
correlation of galaxies and matter at the same redshift
and hence the Limber’s approximation is again accurate.
Nevertheless, we caution that the full calculation without
the Limber’s approximation may be required for more ac-
curate predictions of the cross-correlation signals, which
is beyond the scope of this paper.
IV. CONCLUSION
GWs from mergers of compact objects such as BHs
serve as a useful cosmological probe because they allow
us to directly measure absolute distance scales. However,
in order to constrain the distance-redshift relation from
GW sources we also need redshift information. While
the redshift information may be obtained from observa-
tions of EM counterparts, it is unclear whether such EM
counterparts can be reliably identified, especially for BH-
BH mergers. In this paper, we propose to use the cross-
correlation of GW sources with spectroscopic galaxies as
an alternative means of constraining the distance-redshift
relation. We have explicitly included the effect of weak
gravitational lensing on luminosity distance estimates in
our formulation. Using the Fisher matrix formalism, we
have shown that tight constraints on the Hubble constant
as well as dark energy parameters can be obtained by the
cross-correlation of GW sources observed by the Einstein
Telescope and spectroscopic galaxies observed by Euclid.
Constraints on absolute distance scales at cosmologi-
cal distances are not directly obtained except a few cases
(e.g., [37–40]). GW standard sirens therefore offer invalu-
able information on the distance-redshift relation includ-
ing the absolute distance scale. Our analysis has shown
that it is possible to constrain the distance-redshift re-
lation even without identifying EM counterparts of GW
sources and thus without any redshift information on in-
dividual GW sources.
Finally we note that there is room for improving con-
straints on the distance-redshift relation from the cross-
correlation analysis. For instance, while we have re-
stricted our analysis to z < 1.5, GWs can be detected
out to much higher redshifts in next-generation GW ob-
servations. For those high-redshift GWs, we can use
high-redshift tracers such as quasars, or we may also
be able to galaxies with photometric redshifts for the
cross-correlation analysis, if their photometric redshifts
are accurate enough. For example, Euclid’s near-infrared
photometry, when combined with ground-based optical
photometry, enables an accurate determination of pho-
tometric redshifts easily out to z ∼ 3 [41]. Photometric
galaxies are much denser and therefore lead to more sig-
nificant detections of cross-correlation signals, which sug-
gests that cross-correlation of GW sources with galaxies
with photometric redshifts has a great potential to en-
hance the use of the cross-correlation method proposed
in this paper. The distance-redshift relation may also
be constrained by cross-correlating GW sources with to-
mographic weak lensing [42]. We leave exploring these
possibilities for future work.
Acknowledgments
I thank the anonymous referee for useful suggestions.
This work was supported in part by World Premier In-
ternational Research Center Initiative (WPI Initiative),
MEXT, Japan, and JSPS KAKENHI Grant Number
26800093 and 15H05892.
[1] B. P. Abbott et al. [LIGO Scientific and Virgo Collab-
orations], Phys. Rev. Lett. 116, no. 6, 061102 (2016)
doi:10.1103/PhysRevLett.116.061102 [arXiv:1602.03837
[gr-qc]].
[2] B. P. Abbott et al. [LIGO Scientific and Virgo Collabo-
rations], arXiv:1602.03842 [astro-ph.HE].
[3] B. P. Abbott et al. [LIGO Scientific and Virgo Col-
laborations], Astrophys. J. 818, no. 2, L22 (2016)
doi:10.3847/2041-8205/818/2/L22 [arXiv:1602.03846
[astro-ph.HE]].
[4] B. F. Schutz, Nature 323, 310 (1986).
doi:10.1038/323310a0
[5] D. E. Holz and S. A. Hughes, Astrophys. J. 629, 15
(2005) doi:10.1086/431341 [astro-ph/0504616].
[6] N. Dalal, D. E. Holz, S. A. Hughes and
B. Jain, Phys. Rev. D 74, 063006 (2006)
doi:10.1103/PhysRevD.74.063006 [astro-ph/0601275].
[7] C. Cutler and D. E. Holz, Phys. Rev. D 80, 104009 (2009)
doi:10.1103/PhysRevD.80.104009 [arXiv:0906.3752
[astro-ph.CO]].
[8] S. Nissanke, D. E. Holz, S. A. Hughes, N. Dalal
and J. L. Sievers, Astrophys. J. 725, 496 (2010)
7doi:10.1088/0004-637X/725/1/496 [arXiv:0904.1017
[astro-ph.CO]].
[9] C. Shapiro, D. Bacon, M. Hendry and B. Hoyle, Mon.
Not. Roy. Astron. Soc. 404, 858 (2010) [arXiv:0907.3635
[astro-ph.CO]].
[10] C. M. Hirata, D. E. Holz and C. Cutler, Phys. Rev.
D 81, 124046 (2010) doi:10.1103/PhysRevD.81.124046
[arXiv:1004.3988 [astro-ph.CO]].
[11] S. Hilbert, J. R. Gair and L. J. King, Mon. Not.
Roy. Astron. Soc. 412, 1023 (2011) doi:10.1111/j.1365-
2966.2010.17963.x [arXiv:1007.2468 [astro-ph.CO]].
[12] A. Nishizawa, A. Taruya and S. Saito, Phys. Rev.
D 83, 084045 (2011) doi:10.1103/PhysRevD.83.084045
[arXiv:1011.5000 [astro-ph.CO]].
[13] S. R. Taylor and J. R. Gair, Phys. Rev. D
86, 023502 (2012) doi:10.1103/PhysRevD.86.023502
[arXiv:1204.6739 [astro-ph.CO]].
[14] N. Tamanini, C. Caprini, E. Barausse, A. Sesana,
A. Klein and A. Petiteau, arXiv:1601.07112 [astro-
ph.CO].
[15] S. Camera and A. Nishizawa, Phys. Rev. Lett. 110, no.
15, 151103 (2013) doi:10.1103/PhysRevLett.110.151103
[arXiv:1303.5446 [astro-ph.CO]].
[16] M. Arabsalmani, V. Sahni and T. D. Saini,
Phys. Rev. D 87, no. 8, 083001 (2013)
doi:10.1103/PhysRevD.87.083001 [arXiv:1301.5779
[astro-ph.CO]].
[17] V. Connaughton et al., arXiv:1602.03920 [astro-ph.HE].
[18] A. Loeb, arXiv:1602.04735 [astro-ph.HE].
[19] A. Nishizawa, K. Yagi, A. Taruya and
T. Tanaka, Phys. Rev. D 85, 044047 (2012)
doi:10.1103/PhysRevD.85.044047 [arXiv:1110.2865
[astro-ph.CO]].
[20] N. Seto, S. Kawamura and T. Naka-
mura, Phys. Rev. Lett. 87, 221103 (2001)
doi:10.1103/PhysRevLett.87.221103 [astro-ph/0108011].
[21] C. Messenger and J. Read, Phys. Rev. Lett. 108,
091101 (2012) doi:10.1103/PhysRevLett.108.091101
[arXiv:1107.5725 [gr-qc]].
[22] T. Namikawa, A. Nishizawa and A. Taruya,
arXiv:1511.04638 [astro-ph.CO].
[23] J. A. Newman, Astrophys. J. 684, 88 (2008)
doi:10.1086/589982 [arXiv:0805.1409 [astro-ph]].
[24] P. A. R. Ade et al. [Planck Collaboration],
arXiv:1502.01589 [astro-ph.CO].
[25] M. Punturo et al., Class. Quant. Grav. 27, 194002 (2010).
doi:10.1088/0264-9381/27/19/194002
[26] M. Dominik, K. Belczynski, C. Fryer, D. E. Holz,
E. Berti, T. Bulik, I. Mandel and R. O’Shaughnessy,
Astrophys. J. 779, 72 (2013) doi:10.1088/0004-
637X/779/1/72 [arXiv:1308.1546 [astro-ph.HE]].
[27] T. Kinugawa, K. Inayoshi, K. Hotokezaka, D. Nakauchi
and T. Nakamura, Mon. Not. Roy. Astron. Soc.
442, no. 4, 2963 (2014) doi:10.1093/mnras/stu1022
[arXiv:1402.6672 [astro-ph.HE]].
[28] K. Belczynski, D. E. Holz, T. Bulik and
R. O’Shaughnessy, arXiv:1602.04531 [astro-ph.HE].
[29] D. N. Limber, Astrophys. J. 119, 655 (1954).
doi:10.1086/145870
[30] M. LoVerde and N. Afshordi, Phys. Rev. D 78,
123506 (2008) doi:10.1103/PhysRevD.78.123506
[arXiv:0809.5112 [astro-ph]].
[31] M. Oguri and M. Takada, Phys. Rev. D 83, 023008 (2011)
[arXiv:1010.0744 [astro-ph.CO]].
[32] D. J. Eisenstein and W. Hu, Astrophys. J. 496, 605
(1998) doi:10.1086/305424 [astro-ph/9709112].
[33] R. Takahashi, M. Sato, T. Nishimichi, A. Taruya
and M. Oguri, Astrophys. J. 761, 152 (2012)
doi:10.1088/0004-637X/761/2/152 [arXiv:1208.2701
[astro-ph.CO]].
[34] R. Laureijs et al. [EUCLID Collaboration],
arXiv:1110.3193 [astro-ph.CO].
[35] T. Sidery et al., Phys. Rev. D 89, no. 8, 084060 (2014)
doi:10.1103/PhysRevD.89.084060 [arXiv:1312.6013
[astro-ph.IM]].
[36] D. Jeong, E. Komatsu and B. Jain, Phys. Rev.
D 80, 123527 (2009) doi:10.1103/PhysRevD.80.123527
[arXiv:0910.1361 [astro-ph.CO]].
[37] M. Oguri, Astrophys. J. 660, 1 (2007)
doi:10.1086/513093 [astro-ph/0609694].
[38] S. H. Suyu et al., Astrophys. J. 766, 70 (2013)
doi:10.1088/0004-637X/766/2/70 [arXiv:1208.6010
[astro-ph.CO]].
[39] D. J. Eisenstein et al. [SDSS Collaboration], As-
trophys. J. 633, 560 (2005) doi:10.1086/466512
[astro-ph/0501171].
[40] L. Anderson et al. [BOSS Collaboration], Mon.
Not. Roy. Astron. Soc. 441, no. 1, 24 (2014)
doi:10.1093/mnras/stu523 [arXiv:1312.4877 [astro-
ph.CO]].
[41] F. B. Abdalla, A. Amara, P. Capak, E. S. Cypriano,
O. Lahav and J. Rhodes, Mon. Not. Roy. Astron. Soc.
387, 969 (2008) doi:10.1111/j.1365-2966.2008.13151.x
[arXiv:0705.1437 [astro-ph]].
[42] W. Hu, Astrophys. J. 522, L21 (1999)
doi:10.1086/312210 [astro-ph/9904153].
